A compact patch antenna with stacked parasitic strips (SPSs) based on low temperature cofired ceramic (LTCC) technology is presented. By adding three pairs of SPSs above the traditional patch antenna, multiple resonant modes are excited to broaden the bandwidth. At the same time, the SPSs act as directors to guide the antenna radiation toward broadside direction to enhance the gain. The measured results show that the prototype antenna achieves an impedance bandwidth of 16% for 11 < −10 dB (32.1-37.9 GHz) and a maximum gain of about 8 dBi at 35 GHz. Furthermore, the radiation patterns and gain are relatively stable within the operating bandwidth. The total volume of the antenna is only 8 × 8 × 1.1 mm 3 .
Introduction
The interest in millimeter-wave radars and high data-rate wireless communications systems has grown explosively, which has led to increasing requirements for compact, high performance, and low cost antennas. In recent years, low temperature cofired ceramic (LTCC) technology has emerged as an attractive solution for these requirements due to its high level of compactness and mature multilayer fabrication capability [1] [2] [3] . However, the widely used microstrip antennas suffer from narrow bandwidth and low gain, especially when fabricated on LTCC substrate due to the high dielectric constant of LTCC material. To solve these problems, a number of techniques have been developed.
The common methods to broaden the bandwidth include the use of thick substrates, embedded air cavities [4] , different shape patches and probes [5, 6] , and cutting of slots [7] . Also stacked patches are often implemented in LTCC antenna design to achieve wide bandwidth [8] . To enhance the gain, there have been quite a few methods reported. The most popular method is to reduce the surface waves by constructing electromagnetic bandgap (EBG) structure [9] . The use of air cavity to lower the effective dielectric constant has been reported in [10] . Another considered method is to direct the antenna radiation with parasitic elements [11] . However, it is an ongoing challenge to design compact patch antennas with both wide bandwidth and high gain. This paper presents a compact LTCC patch antenna that employs stacked parasitic strips (SPSs). This simple and practical configuration not only can produce a wide bandwidth by introducing adjacent resonances but also can yield a high gain due to its director effect. A prototype antenna at Ka-band was manufactured and measured to verify the effectiveness of the design concept. The results are presented and compared with those of a single-patch antenna.
Antenna Design
The LTCC substrate used in this research is Ferro A6-M which has good high frequency performance ( = 5.7, tan = 0.003). The thickness of each layer is 0.094 mm after sintering and all buried, exposed, and filled conductors are made of silver. Figure 1 The aperture-coupled patch antenna is the fundamental part of the proposed antenna. The center frequency of the proposed antenna 0 is chosen at 35 GHz, and then the initial dimensions of the main patch ( × ) can be approximately calculated with the well-known formulas as follows [12] :
where is the effective dielectric constant and Δ is an empirical correction factor; formulas for them can be easily found in the literatures. Strictly speaking, equations in (1) are more suitable for the traditional microstrip antenna, but those equations still can be used to get initial values here.
The aperture-coupled structure is employed to feed the antenna due to its advantages of eliminating spurious radiation from the feed line and reducing the backward radiation [13] . It is easy to match the antenna to 50 Ω by controlling the dimensions of the coupling aperture ( and ) and the microstrip feed line ( and ). The feed line is mounted on the same metal layer with the U-shaped backside ground plane and can be regarded as a microstrip line, because it is separated by a large gap from the edge of backside ground plane. Thus, it is unnecessary to model it as grounded coplanar waveguide (GCPW). Compared with the stripline feeding structure widely used in LTCC substrate, this feeding structure is more convenient to feed the antenna during testing, because it can be connected to coaxial connector directly without using any transition, which will introduce additional loss of energy. Since a completely solid ground plane may cause camber problems, the buried ground plane is International Journal of Antennas and Propagation partially etched at its two sides, which has negligible effects on antenna performance. The two ground planes are connected by a fence of via holes to create a cavity effect for suppressing spurious parallel plate modes [14] . The unique feature of this antenna design is the SPSs which are placed parallel to the radiating edges of the main patch. All strips have the same dimensions ( × ), and they gradually flare with equal progressive space and height ℎ. The strips act as directors to guide the antenna radiation toward broadside direction (i.e., the +z direction); thus the gain is enhanced. Meanwhile, multiple resonant modes are excited by the SPSs and the main patch. The frequencies of the multiple resonant modes can be merged to exhibit a wide bandwidth by choosing proper dimensions. However, the widest bandwidth and the highest gain require different dimensions. Therefore, a trade-off has been made in this design to achieve acceptable bandwidth and gain. The final optimized dimensions of the proposed antenna are presented in Table 1 , and all the descriptions of the design parameters in Table 1 are labeled in Figure 1 accordingly.
Simulated and Measured Results
The performances of the LTCC patch antennas with (proposed antenna) and without SPSs (a single-patch antenna) were simulated by Ansoft HFSS. To validate the design concept, a prototype antenna was fabricated and tested. Also, a fixture used for antenna measurement was fabricated. The fixture is composed of a coaxial connector and a section of microstrip line. The feed line of the antenna and the microstrip line on the fixture are bonded by gold wire.
Photographs of the fabricated antenna and the fixture are shown in Figure 2 . The simulated and measured return losses of the patch antennas with and without SPSs are compared in Figure 3 . A good agreement is achieved between the simulated and the measured results of the proposed antenna. There is a frequency shift of 0.3 GHz, which is mainly caused by the variation of dielectric constant. The measured impedance bandwidth for 11 < −10dB of the proposed antenna is 16% (from 32.1 to 37.9 GHz), which is about four times wider than the simulated result of the single-patch antenna.
The radiation patterns and gain of the proposed antenna were measured in an anechoic chamber with NSI 2000 farfield measurement software. Figure 4 shows the simulated and measured radiation patterns in -plane ( -plane) and -plane ( -plane) at 33, 35, and 37 GHz, respectively. As can be seen, the measured results agree well with the simulated results. Also the radiation patterns are relatively stable throughout the operating bandwidth. Figure 5 compares the simulated and measured gain of the patch antennas with and without SPSs. The proposed antenna achieves an average gain of 7.4 dBi within its operating bandwidth and a maximum gain of about 8 dBi at 35 GHz, which is about 2.8 dB higher than the simulated result of the single-patch antenna. 
Conclusion

